Lattice defect behavior of LaNi 4:97 Sn 0:27 during the hydrogenation cycles has been investigated by in-situ positron lifetime measurement. Mean positron lifetime increased and decreased by each hydrogenation and dehydrogenation, respectively, independently of the hydrogenation cycles. It suggests that lattice defects are introduced by the hydrogenation and removed from the lattice by the dehydrogenation even at below the migration temperature of vacancy in LaNi 5 . Furthermore, dislocation density and vacancy concentration kept almost constant at the value of around 6 Â 10 9 cm À2 and 10 ppm through at least eight hydrogenation/dehydrogenation cycles.
Introduction
Sn substituted LaNi 5 alloy has wide and flat plateau and good kinetics for hydrogenation reactions as well as binary LaNi 5 .
1) The degradation of hydrogen absorption capacity during hydrogenation cycles is improved by the substitution of Sn atoms, compared with binary LaNi 5 .
2)
From the viewpoint of lattice defect, Sn substituted LaNi 5 has been investigated using positron lifetime measurement 3) and X-ray diffraction (XRD) measurement. 4) XRD profiles even after initial hydrogenation in Sn substituted LaNi 5 show little peak broadening 2, 4) as previously found with Al substituted LaNi 5 .
5) Positron lifetime measurement shows that Sn substituted LaNi 5 has lower concentration of lattice defects introduced by initial hydrogenation than binary LaNi 5 and vacancies introduced in Sn substituted LaNi 5 by initial hydrogenation can migrate during dehydrogenation even at below migration temperature of vacancy in LaNi 5 . 3, 6) These effects of substitution of Sn atoms into LaNi 5 on lattice defects are of much interest from the viewpoints of both lattice defects and hydrogenation properties.
In this paper, the behavior of lattice defect during hydrogenation cycles was investigated in LaNi 4:93 Sn 0:27 through eight complete hydrogenation cycles by in-situ positron lifetime measurement.
Experimental Procedure
A nominal LaNi 4:75 Sn 0:25 alloy had been produced at the Materials Preparation Center of Ames Laboratory, Iowa State University (USA) by induction melting followed by 120 hours of annealing at 1223 K under argon atmosphere. Chemical analyses indicated its composition was LaNi 4:93 -Sn 0:27 .
7) The crushed LaNi 4:93 Sn 0:27 was annealed at 1223 K for 5 hours under vacuum to remove lattice defects introduced by this mechanical processing.
In-situ Positron lifetime measurements of LaNi 4:93 Sn 0:27 were performed, simultaneously with Pressure-Composition (PC) isotherms during eight hydrogenation cycles up to 1 MPa of hydrogen pressure at 288 K. The in-situ positron lifetimes were measured using a positron lifetime spectrometer with a time resolution (FWHM) of 209 ps. The source correction and the resolution functions were evaluated using the code Resolution. 8) Lifetime spectra were analyzed using the Positronfit Extended program.
9)

Results
Mean positron lifetime, m , measured in LaNi 4:93 Sn 0:27 before the hydrogenation was 120 AE 1 ps, which means the alloy has no vacancies and dislocations since this is almost the same m as in fully annealed LaNi 5 .
6)
The hydrogenation properties such as hydrogen absorption content and equilibrium pressure did not change in PC isotherms during eight hydrogenation cycles (They are not shown in this paper). Hydrogen absorption contents at each cycle were 1:0 AE 0:01 H/M at 1 MPa of hydrogen pressure. Figure 1 shows the m changes in the hydride and solid solution phases against hydrogenation cycles. During hydrogenation cycles the m in the hydride and solid solution phases kept almost constant at the values of around 173 AE 2 and 137 AE 2 ps, respectively. The m increased from 120 to 175 ps with increase of hydrogen content during the initial hydrogenation and decreased down to 136 ps with decreasing hydrogen content in the initial dehydrogenation. In the subsequent cycles, the m repeatedly increased to 173 ps and returned to 137 ps by each hydrogenation and dehydrogenation, respectively, independently of the hydrogenation cycles as well as the initial cycle. This behavior indicates lattice defects were introduced with increase of hydrogen content and removed from the lattice with decrease of hydrogen content by each process reversibly and repeatedly. This behavior agrees with the result previously reported from in-situ positron lifetime measurement during the initial hydrogenation process. The positron lifetime spectra were decomposed into three components in both phases. These positron lifetimes were around less than 30 ps, more than 400 ps and 168 AE 2 ps in hydride phase and around less than 100 ps, more than 700 ps and 155 AE 5 ps in solid solution phase. The positron lifetime components of less than 100 ps and more than 400 ps come from un-trapped positrons and positronium, respectively. The positron lifetime components of 155 and 168 ps are attributed to positrons trapped at dislocations and vacancies, respectively, according to a previous study.
10) The positron lifetimes and their relative intensities, I, remained almost constant in each phase, independently of the hydrogenation cycles. Thus, only dislocations exist in solid solution phase while both vacancies and dislocations exist in hydride phase. The positron lifetime for lattice defects increased up to 168 ps with increase of hydrogen content by the hydrogenation and decreased down to 155 ps with decrease of hydrogen content by the dehydrogenation. The relative intensity for lattice defects that is related with defect concentration also increased and decreased during each process. Hence, vacancies were introduced with increase of hydrogen content by the hydrogenation and were removed from the lattice with decrease of hydrogen content by the dehydrogenation reversibly and repeatedly during the hydrogenation cycles.
Discussion
Estimation of defect concentrations
The concentrations of dislocations and vacancies that were introduced by hydrogenation in solid solution and hydride phases were estimated. The dislocation density, C d in solid solution phase can be estimated using following equation based upon the trapping model.
11-14)
We adopt the specific trapping rate of dislocations, d , which is 0.5 cm 2 s À1 in most metals. 15) The further multicomponent analyses were performed in the hydride phase in order to separate the contributions of vacancy and dislocation on d . In this case, the positron lifetime for dislocation was fixed at the value of 155 ps because positron lifetime for dislocation obtained in solid solution phase was around 155 ps. The vacancy concentration, C v , in the hydride phase can be also estimated using following equation based upon the trapping model:
We adopt here the specific trapping rate for vacancy, v , which is 1 Â 10 14 s À1 in most metals. 16, 17) C d in hydride phase is fixed as 6 Â 10 9 cm À2 because C d in solid solution phase did not change with increasing the hydrogenation cycles as we will discuss below. of around $6 Â 10 9 cm À2 and $10 ppm, respectively, for all the hydrogenation cycles. These dislocations were introduced by the initial hydrogenation, but their density did not change during subsequent hydrogenation cycles. In other words, those were not accumulated with increasing the hydrogenation cycles. In contrast, vacancies were introduced by the hydrogenation and removed from the lattice by the dehydrogenation even at below the migration temperature of vacancies in LaNi 5 .
6) Both dislocation density and vacancy concentration were two orders of magnitude less than observed in LaNi 5 , which are $10 12 cm À2 and $1000 ppm.
10)
These estimations clearly show that substitution of Sn atoms in LaNi 5 prevents the formation of lattice defects during multiple hydrogenation and dehydrogenation. These differences in defect behavior and concentration between binary LaNi 5 and Sn substituted LaNi 5 are probably responsible for the greatly enhanced stabilities of Sn substituted LaNi 5 hydrides during extended cycling.
2,7)
Conclusions
The lattice defect behavior during the hydrogenation cycles was observed in LaNi 4:93 Sn 0:27 by the in-situ positron lifetime measurement. The following conclusions were drawn:
(1) Although dislocations were introduced by the initial hydrogenation, more dislocations were not introduced in the subsequent cycles and their density kept constant at the value of around 6 Â 10 9 cm À2 . This defect content was two orders of magnitude less than produced when LaNi 5 reacted with hydrogen. Lattice Defect Behavior of LaNi 4:97 Sn 0:27 during Hydrogenation Cycles
